We report on the growth, fabrication, and device characterization of AlGaN-based thin-film ultraviolet (UV) (k $ 359 nm) light emitting diodes (LEDs). First, AlN/Si(111) template is patterned. Then, a fully coalesced 7-lm-thick lateral epitaxial overgrowth (LEO) of AlN layer is realized on patterned AlN/Si(111) template followed by UV LED epi-regrowth. Metalorganic chemical vapor deposition is employed to optimize LEO AlN and UV LED epitaxy. Back-emission UV LEDs are fabricated and flip-chip bonded to AlN heat sinks followed by Si(111) substrate removal. A peak pulsed power and slope efficiency of $0.6 mW and $1.3 lW/mA are demonstrated from these thin-film UV LEDs, respectively. For comparison, top-emission UV LEDs are fabricated and back-emission LEDs are shown to extract 50% more light than top-emission ones. AlGaN-based ultraviolet (UV) light emitting diodes (LEDs) have numerous applications in civil and military areas, such as efficient white lighting, sterilization, highdensity optical data storage, and non-line-of-sight communication. Commercial high power UV LEDs have been conventionally grown on sapphire substrates. Recently, silicon has emerged as a promising substrate for light emitting diodes. Because, silicon is a low-cost, and electrically-and thermally conductive substrate which is available in large diameters up to 300 mm-promising for reduced cost and improved throughput. In addition, Si-based electronics are mature, and development of UV-LEDs on silicon will allow monolithically integrated devices that can take advantage of silicon electronics and III-nitrides photonics. These advantages make silicon an attractive substrate for AlGaN-based UV LED studies.
AlGaN-based ultraviolet (UV) light emitting diodes (LEDs) have numerous applications in civil and military areas, such as efficient white lighting, sterilization, highdensity optical data storage, and non-line-of-sight communication. Commercial high power UV LEDs have been conventionally grown on sapphire substrates. Recently, silicon has emerged as a promising substrate for light emitting diodes. Because, silicon is a low-cost, and electrically-and thermally conductive substrate which is available in large diameters up to 300 mm-promising for reduced cost and improved throughput. In addition, Si-based electronics are mature, and development of UV-LEDs on silicon will allow monolithically integrated devices that can take advantage of silicon electronics and III-nitrides photonics. These advantages make silicon an attractive substrate for AlGaN-based UV LED studies.
Extensive work has been dedicated to the development of the growth of GaN on Si(111) substrates as templates in GaN visible light emitting diodes. [1] [2] [3] [4] However, for UV LED purposes, it is essential to develop AlN growth on Si (111) substrates to avoid generated UV light reabsorption for backemission configuration. The growth of crack-free and lowdislocation density AlN on Si(111) is more challenging than the growth of GaN on Si(111) because there is a larger lattice mismatch between AlN and Si(111) ($19%) that leads to higher density of dislocations and crack-initiating stress. Furthermore, higher growth temperature ($1300 C) necessary for AlN regrowth increases the thermally induced strain due to the large thermal mismatch of 43% between AlN and Si, worsening cracking, and defect issues. Thus, conventional bulk deposition of AlN on Si is challenging and troublesome. In this work, to prevent these issues, we are proposing and demonstrating local epitaxy techniques.
Lateral epitaxial overgrowth (LEO) with oxide masks has been demonstrated as an effective way to reduce cracks and threading-dislocation density (TDD) for GaN growth on silicon. 5 However, the non-selectivity of AlN regrowth due to large sticking coefficient of Al adatom excludes the possibility of using this technique to realize AlN or AlGaN template. Thus, when growing aluminum containing materials for UV applications it is necessary to adopt an alternative approach. Maskless LEO has been demonstrated as an effective way to reduce cracks and TDD for AlN growth on sapphire. [6] [7] [8] This technique does not employ oxide masks thus can be used to facilitate LEO growth of AlN on Si(111). However, there are only limited reports of such studies. 9 In this work, we develop high quality maskless LEO AlN on Si(111) to integrate UV LEDs atop. We fabricate flip-chip bonded UV LEDs, and remove silicon substrate for back emission devices. Our work motivates for integration of high Al content III-nitride devices on silicon.
The epitaxial layers were grown in an AIXTRON 200/4-HT horizontal flow, low pressure metal-organic chemical vapor deposition (MOCVD) reactor. Trimethylaluminum (TMAl) and trimethylgallium (TMGa) were used as metalorganic precursors for Al and Ga, respectively. Ammonia (NH 3 ) was used as the nitrogen source. Bis (cyclopentadienyl) magnesium (Cp 2 Mg) and silane (SiH 4 ) were used as the p-and n-type dopant sources, respectively. Before growth, conventional hydrofluoric acid treatment was used to remove the native oxide layer on the surface of the Si(111) substrate. Any remaining oxide layer on the silicon substrate was further removed during in situ high temperature desorption. TMAl was then introduced into the reactor slightly before the addition of NH 3 in order to avoid growthinterfering SiN formation. First, a crack-free 100-nm-thick bulk AlN layer was grown on the Si(111) substrate to act as a seed layer after patterning. This template was then removed from the reactor and patterned into stripes with nominally 3 lm wide ridges and 3 lm wide trenches (6 lm period) along the ½10 10 AlN (corresponding to the ½11 2 Si orientation cyclotron resonance reactive ion etching (ECR-RIE), as shown in Fig. 1(a) . A deep etch depth of 2.4 lm was realized to isolate growth on the ridges from parasitic growth in the trenches till coalescence. The ½10 10 AlN patterning orientation was employed because this maximizes the quality of a fully coalesced AlN layer. [6] [7] [8] Pulsed atomic layer epitaxial (PALE) growth of AlN at high temperature was then used to grow a thick AlN layer; PALE technique reduces parasitic pre-reactions and enhances the surface migration of Al adatoms and thus promotes the lateral growth of AlN.
10 When the coalescence is completed (at the lateral growth width of 1.5 lm), the vertical growth was 7 lm, as shown in Fig. 1(b) . Because of promoted lateral growth and seeding high aspect ratio trench, air voids formed after coalescence in the trench areas. These air voids help to decouple the AlN surface from the underlying silicon substrate, which is believed to be the primary mechanism of avoiding crack formation and reducing dislocation generation in the atop AlN layer.
After coalescence, the surface morphology and crystalline quality of atop AlN layer were investigated by atomic force microscope (AFM) and high resolution X-ray diffraction (HR-XRD). Figure 2 (a) shows a 5 lm Â 5 lm AFM scan on the coalesced AlN surface. A smooth surface with well-ordered atomic steps is observed with root mean square (RMS) roughness of 1.6 Å . Figure 2(b) shows HR-XRD rocking curve scans of LEO AlN on the patterned silicon substrate. The full width at half maximum (FWHM) of 920 arcsec along ð0002Þ and 780 arcsec along ð10 12Þ is among the lowest values for AlN grown on silicon showing the quality of the atop AlN layer on Si(111). 9, 11 The fully coalesced atop AlN was then used for UV LED growth. First, a 600-nm-thick n-Al 0.2 Ga 0.8 N layer was grown as the n-type contact layer. Then, three multiple quantum wells composed of Al 0.15 Ga 0.85 N/GaN were grown as the active layers. After that, an electron blocking layer (EBL) of 10-nm-thick Mg-doped Al 0.3 Ga 0.7 N was grown. This EBL was to avoid electrons overflowing into p-type epilayers under high applied bias and promote radiative recombination in the active region. Finally, the structure was capped by a 50-nm-thick p-Al 0.15 Ga 0.85 N and 50-nm-thick p-GaN contact layer. The complete device structure is sketched in Fig. 3 inset. Back-emission LEDs were then fabricated via standard semiconductor processing techniques. 12 Square mesas of 300 lm Â 300 lm were defined via dry etching. A thin layer 2013) of Ni/Au was deposited as semi-transparent p-contact and was annealed at 500 C, while Ti/Al was deposited as n-contact and annealed at 700 C to achieve low resistivity ohmic contacts. Finally, a thick Ti/Au layer was deposited on top of both p-and n-type metal contacts to facilitate bonding. The mask-set contained diagnostic contacts which allowed us to use transmission line measurements and we determined n-and p-contact resistivity as 1.08 Â 10 À5 X cm 2 and 7.82 Â 10 À3 X cm 2 , respectively. Figure 3 shows the room-temperature (RT) on-wafer current-voltage (I-V) measurement of a single bare-die 300 lm Â 300 lm square LED measured by a probe station. The turn-on voltage of 4 V and a device series resistance of 25.3 X are calculated. These values are close to those of 340 nm LEDs grown on free standing GaN substrate, 13 which indicates high material quality and conductivity of epilayers grown on LEO AlN/Si(111) template.
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In order to realize back-emission devices, UV LEDs were diced into dies consisting of an array of five LEDs and a common n-contact; these dies were then flip-chip bonded to pre-patterned AlN submounts using eutectic gold-tin. 14 After hybridization, a HF:HNO 3 :CH 3 COOH(1:1:1) acid mixture was used to chemically remove the silicon substrate. The hybridized dies were secured on a sapphire wafer using wax to ease handling. During etching of the silicon substrate, sidewalls of LEDs and AlN submounts were protected by the wax coating while the back surfaces of silicon substrate were being etched. The etching rate of the silicon substrate was about 25 lm/min. In contrast, AlN was not appreciably etched by this acid mixture and works as an effective etchstop layer. After the removal of wax by trichloroethylene, hybridized dies were detached from the sapphire wafer. Following the silicon substrate removal, the total thickness of the LED was reduced to $8 lm, enabling a thin-film UV LED as shown in Fig. 4(a) . The back-surface of the initially grown AlN was exposed and no wet etching damage due to Si substrate removal was observed, as illustrated in Fig. 4(b) . The hybridized UV LED on AlN submount was then die bonded to a copper heat sink using indium solder, and the UV LEDs were wire-bonded to allow testing of the fully packaged device. The UV light was collected from the back side of devices and focused into a monochromator for spectral measurements. An integrating sphere was used for power measurements. Figure 5 shows the injection current dependence of the room temperature electroluminescence (EL) under 1% duty cycle. A sharp single peak at 359 nm is observed under different injection currents from 50 mA to 70 mA. The weak shoulder around 370 nm is believed to be due to electron carrier overflow. This radiative recombination between electrons overflown into the p-type layers and Mg þ impurity levels in the p-type epilayers can be fully suppressed with further increased p-type doping in the EBL and p-contact epilayers. 15, 16 The FWHM of the dominant EL peak at 359 nm is $8.5 nm while the stray-light ratio is $100:1. Such single-peaked EL spectrum and high stray-light ratio indicate the high quality of the UV LED.
Room-temperature power measurements were carried out under pulsed mode. A packaged LED die was inserted into a calibrated integration sphere and output power was measured by an optical power meter. As shown in Fig. 6 , a maximum peak power of $0.6 mW is achieved for a single UV LED grown under pulse mode (1% duty cycle, 400 ns pulse width). The inset of Fig. 6 shows the slope efficiency vs. injection current. The slope efficiency starts as $0.2 lW/mA and steadily increases to $1.3 lW/mA as injection current increases, which indicates that UV LED produces more photons under higher injection current. The relatively lower slope efficiency under low injection current might be due to the epilayer defectivity. Although LEO process reduces the defect density with respect to bulk epitaxy, the defect density is still considerable. These defect centers lead to non-radiative recombination, which dominates the recombination dynamics at low injection currents. With increasing current injection, these non-radiative pathways begin to saturate and more injected carriers can contribute to radiative recombination. This leads to the observed increase in the slope efficiency with the increase in injection current. Our demonstration of $0.6 mW output power UV LEDs based on LEO AlN/Si(111) motivates further research in UV LEDs on Si substrate.
In order to compare back-emission and top-emission LEDs, top-emission LEDs were also fabricated along with back-emission LEDs. An alternative LED photomask design (with a smaller top bonding pad) was used to allow maximum light collection from the top side. The peak power density of the top-emission UV-LED was found to be $210 mW/cm 2 , while that of the back-emission UV-LED was $630 mW/cm 2 . Based on UV optical transmission measurements, the top-emission LED experiences $30% absorption from the semi-transparent Ni/Au p-type contact and $25% absorption from the 50 nm p-type GaN layer at the emission wavelength of 359 nm. After correction for these two optical loss mechanisms for the top-emission LEDs, the back-emission LEDs still exhibit 50% more UV light output than that of top emission ones.
Due to the total internal reflection at the interfaces of the AlN and air, conventional back-emission LEDs allow only photons with less than $26 incident angle with respect to the normal of the AlN surface to be extracted. However, unlike planar emission surface of a conventional LED, the back surface of our UV-LEDs is corrugated, as shown in Fig. 4(a) . This periodic inclination of the surface creates additional opportunities for light extraction. 17 In addition to the back surface, there are also internal air-voids in the 7-lm-thick AlN template layer itself: These voids will scatter any horizontally propagating light within the AlN leading to even further increased extraction. Thus, our LEO pattern helps us improve the light extraction significantly.
In conclusion, Si(111) substrate was stripe-patterned and a 7-lm-thick fully coalesced LEO AlN layer was epiengineered to act as a template for UV LED epitaxy. UV LEDs were fabricated for back-emission configuration. After the flip-chip bonding, silicon substrate was removed. These thin-film UV LEDs achieved a peak power of $0.6 mW under 1% duty cycle and at room temperature. Compared to top emission UV LEDs realized from the same material, back-emission ones achieved 50% more UV light output. Our demonstration motivates for further studies of UV LEDs on Si substrates. 
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